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INTRODUCTION 


H 


illlcon-based  ceramics  have  considerable  potential  for  structural  applications 
in  heat  engines  and  other  energy  conversion  devices.  This  study  is  part  of  an  on¬ 
going  Department  of  Energy  project  to  screen  new  materials  for  their  mechanical 
properties  .for  heat  engine  applications. 


i 
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This  report  presents  findings  on  a  commercially  available  sintered  beta  silicon 
carbide  manufactured  by  General  Electric  Company.  In  ten  years  of  development,  this 
material  has  evolved  from  a  hot-pressed  laboratory  grade  material  to  a  commercial- 
sintered  product. I-7  It  is  fabricated  from  a  submicron  (beta)  silicon  carbide  powder 
with  small  additions  (^>0.5  wtZ  each)  of  goron  and  carbon  which  is  sintered  in  a 
reducing  atmosphere  at  approximately  2100°C.  The  boron  promotes  diffusion,  while  the 
carbon  acts  to  reduce  possible  oxide  phases  (S102)  and  retard  grain  growth.  The 
sintered  product  often  contains  some  alpha  phase  silicon  carbide  as  a  result  of  phase 
transformation  during  sintering.  This  latter  process  is  dependent  upon  impurities 
and  sintering  conditions  and  can  be  very  sensitive  to  conditions  of  powder  prepara¬ 
tion,  processing,  and  densif ication.1 2  3 4 5 6 7 8 9 10  The  presence  of  the  alpha  phase  is  not  desired 
because  it  can  manifest  itself  as  large  tabular  grains  that  can  limit  strength. 


Earlier  studies  have  suggested  that  the  laboratory  hot-pressed  and  sintered  beta 
silicon  carbide  materials  have  excellent  high  temperature  properties  up  to  1500°C, 
including  creep  and  slow  crack  growth  resistance®-^  and  strength  retention. 1 10 
These  favorable  properties,  coupled  with  the  complex  shape  capabilities  of  sintering, 
suggest  that  General  Electric's  beta  silicon  carbide  is  a  promising  heat  engine  grade 
ceramic.  The  purpose  of  this  study  was  to  verify  these  properties  in  the  coamerdal 
form  of  the  material. 


MATERIAL 

The  sintered  beta  silicon  carbide  was  supplied  by  General  Electric  Company's 
Manufacturing  Division,  Houston,  Texas,  in  the  form  of  eight  5.08  x  5.08  x  1.27-cm  (2 
x  2  x  0.5-in.)  tiles  in  March,  1984.  Four  of  these  tiles  were  machined  into  flexure 
specimens  according  to  MIL-STD-19£2(MR) , 11  specimen  configuration  **B."  Specimen  size 
was  3.0  x  4.0  x  44.5  mm  with  a  45°  chamfer  along  the  four  long  edges.  Chamfer  depths 

1.  PROCHAZKA,  S.,  and  CHARLES,  R.  J.  Strength  of  Boron-Doped  Hot-Pressed  Silicon  Carbide.  Am.  Cer.  Soc.  Bull.,  v.  52,  no.  12, 

1973,  p.  885-891. 

2.  PROCHAZKA,  S.  Strength  of  Silicon  Carbide  in  Ceramics  for  High  Performance  Applications,  J.  S.  Burke,  A.  E.  Gorum,  and  R.  N.  Katz,  ed., 
Brook  Hill  Publishing  Company,  Chestnut  HAL  MA,  1974,  p.  239-252. 

3.  PROCHAZKA,  S.  Abnormal  Grain  Growth  in  PoiycryttaUine  SiC  in  Silicon  Carbide- 1 973,  Proceedings  of  the  Third  International 
Conference  on  Silicon  Carbide,  Miami,  FL,  September  1973. 

4.  PROCHAZKA,  S.,  and  CHARLES,  R.  J.  Strength  and  Microstructure  of  Dense  Hot-Pressed  Silicon  Carbides  in  Fracture  Mechanics  of 
Ceramics,  R.  Bradt,  D.  Hatselman,  and  F.  Lange,  ed.,  Plenum  Press,  NY,  v.  2,  1974,  p.  579-598. 

5.  PROCHAZKA,  S.,  JOHNSON,  C.  A.,  and  GIDD1NGS,  R.  A.  Atmosphere  Effects  in  Sintering  of  Silicon  Carbide  in  Proceedings  of 
International  Symposium  on  Factors  in  Densiflcation  and  Sintering  of  Oxide  and  Non-Oxide  Ceramics,  S.  Somiya  and  S.  Saito,  ed.. 
Association  for  Science  Documents  Information,  Tokyo  Institute  of  Technology,  Tokyo,  Japan,  October  1978,  p.  346-381. 

6.  JOHNSON,  C.  A.  Crack  Blunting  in  Sintered  SiC  in  Fracture  Mechanics  of  Ceramics,  R.  Bradt,  D.  Hatselman,  and  F.  Lange,  ed.. 

Plenum  Press.  NY, ».  3, 1978,  p.  99-111. 

7.  Sintride  Sintered  Silicon  Carbide.  General  Electric  Silicon  Carbide  Products  Operations  Brochure  77270,  Houston,  TX,  1983. 

8.  TRANTINA,  G.  G.,  and  JOHNSON,  C.  A.  Subcriticai  Crack  Growth  in  Boron-Doped  SiC.  J.  Am.  Cer.  Soc.,  v.  58,  no.  7-8, 

July-August  1975,  p.  344-345. 

9.  LARSEN,  D.  Property  Screening  and  Evaluation  of  Ceramic  Turbine  Materials.  U.S.  Air  Force  Wright  Aeronautical  Laboratory, 

AFML  TR79-4188,  October  1979. 

10.  LARSEN,  D.,  and  ADAMS,  J.  Property  Screening  and  Evaluation  of  Ceramic  Turbine  Materials.  U.S.  Air  Force  Wright  Aeronautical 
Laboratory,  AFWAL  TR83-4I41,  April  1984. 

11.  U.S.  Army  MIL-STD-1942(MR).  Flexural  Strength  of  High  Performance  Ceramics  at  Ambient  Temperature. 


were  inadvertently  aachined  to  approximately  0.28  an  which  is  greater  than  the  0.15  ± 
0.05  an  specified  in  the  standard.  Although  this  causes  only  a  1.25  percent  decrease 
in  the  cross -sectional  area,  the  strengths  reported  in  this  study  (based  on  elastic 
theory  with  a  rectangular  cross  section)  are  3.4  percent  lower. 
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The  average  bulk  density  of  the  tiles  was.3.12  g/ca  -with  a  standard  deviation 
of  0.03  and  is  in  agreement  with  the  3.12  g/cm  reported.  The  elastic  aodulus 
and  Poisson's  ratio  as  measured  via  the  sonic  method  were  395  GPa  and  0.17, 
respectively. 

A  powerful  characterization  tool  is  the  ultrasonic  longitudinal  wave  propagation 
time  C-scan.  The  time  C-scan  shows  spatial  variation  of  wave  propagation  times 
through  the  tile  thickness  with  a  resolution  of  +  1  nanosecond.  If  a  tile  has  con¬ 
stant  thickness,  the  C-scan  can  be  Interpreted  as  a  longitudinal  velocity  C-scan. 
Figure  1  is  a  C-scan  of  a  2  x  2  x  l/2-lnch  tile  of  beta  silicon  carbide  and,  allowing 
for  wave  distortion  near  the  edges,  had  a  variation  in  wave  propagation  time  of 
approximately  5.5  percent.  In  the  Appendix  is  an  analysis  of  the  C-scan  in  which  the 
relationship  between  the  tile's  thickness,  elastic  modulus,  Poisson's  ratio,  and 
density  as  they  pertain  to  the  longitudinal  wave  velocity  is  evaluated. 
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Figure  1 .  Time-of-flight  C-scan  for  General  Electric  sintered  beta  silicon  carbide  using  a  10  MHz  undamped  transducer. 


The  Increase  In  the  wave  propagation  tlaet  from  the  edge  to  the  center  of  the 
tile,  la  due  to  (in  order  of  laportance):  an  increase  in  thickness,  a  decrease  in 
elastic  aodulus,  and  a  decrease  in  Poisson's  ratio.  The  density,  which  decreases 
toward  the  tile's  center,  decreases  the  wave  propagation  tiae. 

A  quantitive  analysis  of  the  aetallic  impurities  is  given  in  Table  1 .  A  pol¬ 
ished  section  showing  the  aaterial  porosity  0*3Z)  is  shown  in  Figure  2.  Figure  3 
shows  the  same  section  etched  with  boiling  Murikami's  reagent  to  delineate  the  grain 
boundaries. 6  Tabular  grains  coaaonly  associated  with  the  alpha  phase  of  silicon 
carbidel~5  are  readily  apparent.  X-ray  diffraction  of  the  silicon  carbide  showed 
that  the  majority  of  the  material  is  beta  silicon  carbide  with  a  small  percentage  of 
the  alpha  phase  and  a  small  amount  of  graphite.  In  a  parallel  study  being  carried 
out  at  MTL*  for  nonheat  engine  applications,  a  15.24  x  7.62  x  1.27-cm  (6  x  3  x 
1/2-in.)  tile  had  an  identical  X-ray  diffraction  pattern  and  a  very  similar  micro¬ 
structure  (larger  alpha  grains). 

Table  1.  IMPURITY  OR  ADDITIVE  CONTENT  OF  THE  GENERAL  ELECTRIC  SINTERED  BETA 
SILICON  CARBIDE.  WEIGHT  PERCENTS  DETERMINED  BY  EMISSION  SPECTROSCOPY. 
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Cu  Fe  Mg 


PROCEDURE 


Microhardness  testing  was  performed  on  a  mounted  and  polished  specimen  with  a 
load  of  2000  gf  (19. 6N).  Using  both  Vickers  and  Knoop  indentors,  10  indentations 
each  were  made  with  a  standard  microhardness  indentor.*  Fracture  toughness  was  esti¬ 
mated  from  crack  lengths  emanating  from  Vickers  indentations  at  loads  of  2000  gf 
(19. 6N),  3000  gf  (24. 9N),  and  3500  gf  (34. 3N),  using  a  standard  microhardness 
indentor. t 

Room  temperature  flexural  testing  was  used  to  establish  a  reference  strength  and 
to  characterize  the  strength-limiting  flaws.  A  universal  testing  machine!  was  used 
with  four-point  fixtures  in  accordance  with  M1L-STD-1942(MR) . **  The  spans  were  4.00  cm 
and  2.00  cm  and  the  crosshead  speed  was  5.0  x  10~2  cm/min.  The  relative  humidity  was 
35  percent  at  23°C. 

The  1200°C  flexural  stress-rupture  experiments  were  carried  out  in  air  in  sever¬ 
al  test  furnaces.  These  furnaces  were  constructed  with  firebrick  and  employed  sili¬ 
con  carbide  heating  elements  as  the  heat  source.  Four-point  bend  fixtures,  machined 
from  hot-pressed  silicon  carbide,  having  fixed  bearing  spans  of  3.81  cm  and  1.90  cm 
were  used.  A  simple  deadweight  lever  system  applied  the  load  into  the  furnace.  The 
temperature  Inside  the  furnace  was  allowed  to  stabilize  for  five  minutes  prior  to 
loading.  Additional  details  of  this  procedure  are  reported  in  References  12  and  13. 
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A  stepped  temperature  stress-rupture  (STSR)  program  was  used  to  quickly  screen 
the  material  while  stressed  to  a  range  of  temperatures  that  it  may  be  subjected  to  in 
an  engine  environment.  This  program  assesses  where  creep  or  static  fatigue  may  be  a 
problem.  The  furnace  arrangement  and  loading  procedure  are  Identical  to  the  stress- 
rupture  tests.  The  program  starts  at  1 000 °C  when  the  load  is  applied.  After  24 
hours,  if  the  specimen  survives,  the  temperature  is  raised  (within  approximately  1/2 
hour)  to  1100  C.  This  cycle  continues  for  1200,  1300,  and  1400°C,  but  at  1400°C  the 
specimen  cycle  time  is  72  hours.  In  the  event  of  a  failure,  the  furnace  is  shutdown. 

An  arrow  labeled  with  the  applied  stress  denotes  the  time  of  failure  on  the  STSR 
plot. 

Specimens  that  survived  the  stress-rupture  or  STSR  tests  were  unloaded  prior  to 
cool-down.  This  was  done  to  minimize  frictional  forces  at  the  knife  edges  due  to 
unequal  specimen-fixture  contractions.  The  survivors  were  then  tested  at  room  tem¬ 
perature  to  determine  the  retained  strength.  They  were  mounted  in  the  room  temper¬ 
ature  fixtures  such  that  the  most  highly  stressed  zone  in  the  high  temperature  test 
was  again  loaded  in  a  tensile  manner.  Note  that  the  room  temperature  fixtures  have 
slightly  larger  inner  and  outer  spans  than  the  high  temperature  fixtures. 


*Miniload  II,  Leitz,  W.  Germany 

tTukon  Tester  FB,  Wilson  Mechanical  Instrument  Co.  Inc.,  NY 
ttlnstron  Corp.,  Model  TT-DL,  Canton,  MA 

12.  QUINN,  G.  D.  Guide  to  the  Construction  of  a  Simple  150CPC  Test  Furnace.  U.S.  Army  Materials  Technology  Laboratory, 
AMMRC  TR  83-1,  January  1983,  NTIS  ADA  125636. 

13.  QUINN,  G.  D.  Characterization  of  Turbine  Ceramics  after  Long-Term  Environmental  Exposure.  U.S.  Army  Materials  Technology 
Laboratory,  AMMRC  TR  80-15,  April  1980,  AD  A1 17463. 

14.  QUINN,  G.  D.,  and  KATZ,  R.  N.  Stepped  Temperature  Stress-Rupture  Testing  of  Silicon  Based  Ceramics.  Am.  Cer.  Soc.  Bull., 
v.  57,  no.  11,  November  1978,  p.  1057-1058. 


RESULTS 


The  Vickers  indentations  produced  an  average  hardness  of  23.9  GPa  (2430  g/mm^) 
with  a  standard  deviation  of  0.4  GPa  (40  g/mm^)  and  the  Knoop  indentations  produced 
an  average  hardness  of  20.9  GPa  (2129  g/mm^)  with  a  standard  deviation  of  0.3  GPa 
(30  g/mneO.  This  is  somewhat  lower  than  the  HV1000  gf  of  28.0  GPa  (2850  g/tnm^) 
reported  in  Reference  7,  but  a  little  higher  than  the  average  HK1000  gf  of  20.1  GPa 
(2050  g/mm^)  with  a  standard  deviation  of  0.8  GPa  (80  g/mm^)  (60  indentations)  in  the 
unpublished  research  by  Tracy  of  MTL. 

The  fracture  toughness  values  were  measured  from  Vickers  indentations  and  evalu¬ 
ated  using  the  Marshall-Evans  formulations.^  A  minimum  of  five  "good"  indentation 
patterns  were  obtained  for  each  of  the  three  loads.  Some  problems  with  spall  and 
cracks  not  radiating  from  the  corners  were  observed.  A  "good”  indentation  pattern 
consisted  of  at  least  three  of  the  four  cracks  starting  from  the  corners  and  extend¬ 
ing  straight  from  the  indent  and  no  spall.  Table  2  indicates  the  Kjc  values  which 
averaged  2.8  MPa  m^-^.  This  is  somewhat  lower  than  other  reported  values:  3.0  MPa 
nfi-5  (double  torsion), 16  3.3  MPa  m®-5  (single  edge  notch  beam)*  (unpublished  research 
by  Tracy  of  MTL),  and  3.1  MPa  m®-^  (controlled  flaw  in  flexure). 1? 


Table  2.  FRACTURE  TOUGHNESS  (Kic)  FOR  VARYING  INDENT  LOADS.* 


Load 

(gf) 

Number 
of  Indents 
(n) 

(MPa^0-5) 

2000 

5 

2.82 

3000 

6 

2.81 

3500 

6 

2.78 

♦Average  Kjc  =  2.8  MPa  m0-5,  with  a  standard  deviation  of 
0.2. 


Thirty  room  temperature  four-point  fast  fracture  specimens  were  tested  and  had 
an  average  flexure  stress  of  346  MPa  (50.2  ksi)  with  a  standard  deviation  of  34  MPa 
(5  ksi).  This  average  is  appreciably  less  than  values  for  the  laboratory  prepared 
three-point  flexure  specimen  in  Reference  6,  is  somewhat  less  than  the  440  MPa  (63.8 
ksi)  four-point  results  reported  in  Reference  9  and  10,  is  also  less  than  the  three- 
point  value  of  533  MPa  (77.3  ksi)  in  Reference  7,  and  is  quite  consistent  with  the 
four-point  value  of  389  MPa  (56.4  ksi)  with  a  standard  deviation  of  52  MPa  (8  ksi)  in 
the  unpublished  research  by  Tracy  of  MTL. 

A  Weibull  two-parameter  modulus  was  determined  by  a  least-squares  fitted  line 
through  the  strength  data  when  plotted  on  a  typical  Weibull  format  (see  Figure  4). 

The  ranking  percentage  is  p*i/(N+l),  where  i  is  the  ith  data  point  and  N  is  the  total 
number  of  specimens.  The  Weibull  modulus,  which  is  the  slope  of  the  line,  is  11.0 
and  has  a  correlation  coefficient  of  96.5  percent.  Figure  5  is  a  Weibull  plot  for 
the  strength  data  from  the  parallel  study  underway  at  MTL  by  Tracy  for  nonheat  engine 
applications.  The  Weibull  modulus  is  8.1  with  a  correlation  coefficient  of  98.8 
percent.  These  moduli  are  consistent  with  the  reported  value  of  8  to  15  in 
Reference  7. 

•Single  edge  notched  beam,  Vi  •  4, 4.0  cm  outer  span,  cross  rate  of  0.5  mm/min,  specimen  size  5.6  x  5.6  x  50.8  mm  (0.22  x  2.0  in.),  and 
notch  depth  of  2.3  -  3.5  mm  and  width  of  0.15  mm. 

15.  MARSHALL,  D.  B.,  and  EVANS,  A.  G.  Reply  to  Comment  on  Elastic/Plastic  Indentation  Damage  in  Ceramics:  The  Median  Radial 
Crack  System.  Comm,  of  the  Am.  Cer.  Soc.,  v.  14,  no.  12,  1981,  p.  cl82-cl83. 

16.  EVANS,  A.  G.,  and  LANGE,  F.  F.  Crack  Propagation  and  Fracture  in  Silicon  Carbide.  1.  Mat.  Sci.,  no.  10,  1975,  p.  1659-1664. 

17.  LARSEN,  D.  Property  Screening  and  Evaluation  of  Ceramic  Turbine  Engine  Materials.  1IT  Research  Institute,  AFML 
Contract  F336I5-75C-5196,  Interim  Report  no.  7,  March  1979. 


All  specimens  were  subjected  to  a  fractographic  examination  at  magnifications  of 
about  100X.  Typical  fracture  surfaces  were  then  photographed  and  prepared  for  scan¬ 
ning  electron  microscopy  (SEM)  examination.  The  strength-limiting  flaws  common  to 
the  room  temperature  flexure  specimens  were:  agglomerates  and  porous  zones  either  at 
the  surface  or  distributed  within  the  volume  (Figure  6);  a  few  large  grains  and  pores 
(Figure  7);  and  an  occasional  processing  crack  (Figure  8).  Thus,  although  the 
Welbull  plot  implies  a  single  flaw  population,  there  are,  in  fact,  several. 


Twelve  specimens  were  tested  via  the  stepped  temperature  stress-rupture  (STSR) 
procedure  and  the  results  are  shown  In  Figure  9.  Two  specimens  failed  on  loading 
with  applied  stresses  of  350  and  400  MPa.  Four  specimens  survived  the  complete 
cycle  with  applied  stresses  of  250  (2),  300  (1),  and  325  MPa  (1).  One  specimen 
survived  intact  at  350  Mga  when  an  inadvertent  microswitch  trip  shut  the  furnace  down 
after  22.9  hours  at  1400  C.  The  five  remaining  specimens  with  applied  stresses  of 
325  £1)  and  350  MPa  (4)  failed  in  a  time-dependent  manner  at  1000,  1100,  1200,  and 
1400  C.  Permanent  deformation  of  the  five  survivors  was  negligible  (<  0.1%  strain). 
The  retained  strengths  of  the  four  survivors  were  surprisingly  consistent  at  401, 

448,  402,  and  400  MPa  for  the  250,  250,  300,  and  350  MPa  STSR  applied  stresses, 
respectively.  The  retained  strengths  are  appreciably  higher  than  the  reference  room 
temperature  strengths  (3466MPa  average).  This  may  either  be  due  to  a  flaw  healing 
process  or  crack  blunting. 
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I  250 
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Figure  9.  Stepped  temperature  stress-rupture  results. 


Twenty-four  specimens  were  tested  at  1200°C  in  the  stress-rupture  experiments 
(Figure  10).  Nine  failed  on  loading  at  applied  stresses  of  350  (2),  400  (6),  and  450 
MPA  (1).  Five  specimens  survived  1000  hours  at  stresses  of  200  (1),  250  (2),  and  300 
MPa  (2).  One  specimen  survived  300  MPa  for  52.5  hours  when  the  furnace  malfunctioned 
and  shutdown.  All  surviving  specimens  had  negligible  permanent  deformation  (<  0.1% 
strain)  indicating  an  excellent  creep  resistance.  The  retained  strengths  for  the 
1000-hour  survivors  were  362,  403,  433,  524  and  524  MPa  for  the  200,  250,  250,  300, 
and  300  MPa  stress  rupture  applied  stresses,  respectively.  One  specimen  which  was 
loaded  to  200  MPa  survived  10,000  hours  without  failure.  Its  retained  strength  at 
room  temperature  was  417  MPa  and  it  fractured  from  a  sintering  defect.  There  was 
only  a  slight  weight  change  in  the  specimen,  since  the  oxide  layer  which  formed  was 
only  0.005  mm  thick.  The  retained  strength  of  all  the  1200  C  survivors  was  greater 
than  the  average  room  temperature  strength.  The  remaining  eight  specimens  failed  in 
a  time-dependent  manner  from  0.001  hour  to  210.5  hours  at  applied  stresses  of  300  and 
350  MPa.  A  static  fatigue  limit  may  exist  between  200  and  250  MPa.  The  boundary 
lines  on  the  stress-rupture  plot  (Figure  10)  were  drawn  to  approximate  the  scatter. 
None  of  the  specimen  fracture  surfaces  showed  any  signs  of  slow  crack  growth. 


Time  (hours) 


Figure  10.  Flexural  stress-rupture  at  1200°C.  The  boundary  lines 
approximate  the  scatter. 

The  fracture  surface  characteristics  of  the  stress-rupture  and  STSR  tine- 
dependent  failures  appear  identical  to  those  of  the  fast  fracture  specimens.  The 
strength-limiting  flaws  for  the  failure  on  loading  specimens  are  volume  distributed 
and  are  agglomerates  (Figure  11),  porous  zones,  or  large  grains.  The  time-dependent 
failures  occurred  exclusively  from  surface-connected  porosity  (Figures  12  and  13). 
This  porosity  was  often  an  area  of  small  interconnected  porosity  and  not  necessarily 
a  discrete  void. 


Figure  1 1 .  Fracture  surface  of  a  failure  on 
loading  during  a  stress-rupture  test:  350  MPa. 
The  flaw  is  a  porous  area  away  from  the 
tensile  surface. 
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Figure  12.  Fracture  surface  of  a  time-dependent  failure 
during  a  stress-rupture  test:  t:  210  hours,  300  MPa. 
Failure  occurred  at  a  surface-connected  porous  area. 


Figure  13.  Fracture  surface  of  a  time-dependent  failure 
during  a  STSR  test:  325  MPa,  0.4  hour  at  1400°C. 
Failure  occurred  due  to  the  porous  area  at  the  surface 
which  is  coincident  with  a  large  grain. 


DISCUSSION 

The  beta  silicon  carbide  material  is  subject  to  static  fatigue  failure  over  the 
1000  C  to  1400  C  temperature  range  for  applied  flexural  stresses  of  300  and  350  MPa, 
which  is  at  least  85  percent  of  the  reference  fast  fracture  stress.  The  scatter  in 
the  time-to-f allure  of  identically  loaded  specimens  was  up  to  five  orders  of  magni¬ 
tude.  The  good  strength  retention  at  high  temperature  and  the  static  resistance 
findings  of  this  study  are  consistent  with  earlier  reports. 7-10  Double  torsion  exper 
iments  on  this  material  failed  to  detect  any  evidence  of  a  time-dependent  failure 
process. '6  That  time-dependent  failure  can  occur  from  surface-connected  porous  zones 
as  shown  in  this  report,  underscores  the  desirability  of  using  stress-rupture 
testing. 

Although  this  form  of  silicon  carbide  is  nominally  the  beta  form,  the  strength- 
limiting  flaws,  the  favorable  creep  and  static  fatigue  resistances,  and  the  enhanced 
strength  of  survivors  arc  very  similar  to  the  results  on  the  sintered  alpha  form  of 
commercial  silicon  carbide. *18-20  indeed,  the  two  materials  share  a  susceptibility 
of  time-dependent  failure  to  primarily  surface-connected  defects,  which  suggests  a 
stress  corrosion  phenomena.  Controlled  atmosphere  experiments  would  be  valuable  in 
clarifying  this  but  were  beyond  the  scope  of  this  screening  study. 
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CONCLUSION 


The  General  Electric  sintered  beta  silicon  carbide  tested  for  this  program  is  of 
a  limited  production  scale  and  may  not  necessarily  be  identical  with  earlier  research 
laboratory  produced  vintages.  The  Vickers  and  Knoop  microhardness  and  the  Vickers 
fracture  toughness  are  lower  than  previously  published  data.?  The  room  temperature 
flexural  strength  is  somewhat  lower  than  reported. ^“10 

The  Intrinsic  flaw  populations  are  generally  agglomerates  and  porous  zones  with 
a  few  large  grains,  Inclusions,  and  process  cracks.  These  flaws  are  all  volume 
distributed*  Time-dependent  failures  occurred  only  from  surface- connected  porous 
zones.  There  may  be  an  effective  stress-rupture  limit  at  1000  hours  of  approximately 
250  MPa  0*70%  of  the  fast  fracture  reference  strength)  at  1200°C.  Time-dependent 
failures  occurred  throughout  the  1000  C  to  1400  C  temperature  range. 

The  C-scan  promises  to  become  a  simple,  powerful,  and  effective  quality  control 
test  to  find  not  only  large  property  variations  within  a  tile  or  component,  but 
microstructural  variations  and  severe  flaw  locations.  More  in-depth  work  must  be 
done  on  the  latter  two  topics  for  different  materials  and  more  complex  shapes. 
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NOMENCLATURE 


VL  Longitudinal  Velocity 
d  Thickness 

t  Tine  of  flight 

B  Elastic  Modulus 

p  Density 

u  Poisson's  ratio 

Eq  Elastic  modulus  at  theoretical  density 

P  Porosity 

b  Porosity  correction  factor 

Pra  Theoretical  density 
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APPENDIX 


The  ultrasonic  C-scan  naps  the  point-by-point  wave  propagation  tine  through  a 
material.  Hie  general  equation  for  the  longitudinal  wave  velocity  is 


..  2d  TE.  (1-v)  l1* 

VL  *  T  "  l_p  a+vj  (l-2v)  J 


which  solving  for  the  propagation  time  becomes 


where  d,ptE,  and  v  are  the  tile  thickness,  density,  elastic  modulus,  and  Poisson's 
ratio,  respectively. 

The  C-scan  shown  in  Figure  1  shows  (discounting  wave  distortion  at  the  edges) 
the  wave  propagation  time,  or  fly  time,  increases  by  approximately  5.5  percent  from 
the  edge  to  the  center  of  the  tile.  Because  of  this  large  variation  in  fly  time,  it 
was  decided  to  cut  five  rectangular  blocks  through  the  center  of  the  tile  to  find  the 
effect  of  the  local  material  properties  on  the  fly  time. 

The  tile,  as  supplied  had  a  thickness  increase  from  the  edge  to  the  center  of 
1.5  percent.  The  five  blocks  had  their  densities  measured  (Archimedes'  method)  and 
were  ultrasonlcally  evaluated  for  the  local  elastic  modulus  and  Poisson's  ratio.  The 
data  are  shown  in  Table  A-l. 


Table  A-l.  DENSITIES  AND  SONIC  PROPERTIES  FOR 
THE  MACHINED  BLOCKS 


Block 

No. 

Density 

(g/cc) 

o/oth 

Porosity 

(P) 

Elastic 

Modulus, 

E  (GPa) 

£/E0 

Poisson's 

Ratio 

(«) 

1 

3.10 

0.967 

0.033 

404.0 

0.907 

0.17 

2 

3.07 

0.956 

0.044 

389.6 

0.875 

0.16 

3 

3.05 

0.951 

0.049 

384.4 

0.863 

0.16 

4 

3.06 

0.954 

0.046 

388.3 

0.872 

0.16 

5 

3.11 

0.968 

0.032 

405.9 

0.911 

0.16 

oth  *  3.21  g/cc 
E0  *  445  GPa 
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A  decrease  in  the  density  coincident  to  a  decrease  in  the  elastic  modulus 
from  the  edge  to  the  center  of  the  tile  is  readily  apparent.  This  relationship,  as 
described  by  Ri.ce.21  between  the  elastic  modulus  and  porosity,  yields  a  porosity 
correction  factor  (b)  of  3.1  and  2.8  for  the  exponential  and  linear  equations, ^re¬ 
spectively,  assuming  an  elastic  modulus  at  zero  porosity  of  445  GPa  (64.6  x  10  psi) 
There  is  no  apparent  trend  in  Poisson's  ratio  versus  density  through  the  tile. 

This  brief  analysis  does  not  take  into  account  any  secondary  microstructure 
effects  on  the  material  properties,  such  as  grain  size.  It  was  assumed  that  the 
material  is  homogeneous  and  the  porosity  is  directly  related  to  density 
(P  -  1-P/pth). 

The  C-scan  map  showed  a  change  for  4.0  percent  from  block  1  to  3.  Using  the 
local  properties  of  the  blocks  with  Equation  2,  the  change  in  fly  time  is  +3.6  per¬ 
cent.  This  shows  an  outstanding  agreement  even  through  the  "local"  properties  are 
themselves  averaged.  The  computations  are  detailed  below. 


ANALYSIS  OF  THE  C-SCAN 

The  4%  slower  times  at  the  center  (3)  versus  the  edge  (1)  from  the  C-scan 
suggest:  ^  =  1.040. 


Table  A-2.  EFFECT  OF  INDIVIDUAL  VARIABLE  UPON  RATIO  t3/tl. 


=  (1.0145)  (0.9920)  (1.0252)  (1.0046)  =  1.036 


1.040  *  1.036 

C-Scan  Local  Properties 


*1  =  e-3.1P  and  £  =  1  -  2.8P 
E0  to 


21.  RICE,  R.  W.  Microttructural  Dependence  of  Mechanical  Behavior  of  Cenmici  in  Treatise  of  Materials  Science  and  Technology, 
R.  K.  MacCrone,  ed.,  v.  II,  Academic  Press  Inc.,  NY,  1977,  p.  203-230. 


A  breakdown  on  the  change  in  properties  required  to  cause  an  increase  in  the  fly 
time  is: 

Increased  thickness  -  Major  contribution 

Decreased  elastic  modulus  -  Minor-major  contribution 
Decreased  Poisson's  ratio  -  Negligible  contribution 

Note  that  a  decrease  in  density,  coincident  with  a  decrease  in  elastic  modulus,  will 
decrease  the  fly  time. 
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22  South  Main  Street,  Alfred,  NY  14802 

2  ATTN:  James  R.  Varner,  Associate  Prof. 

1  Dr.  W.  Richard  Ott 

Brown  University,  Department  of  Chemical  Engineering, 
Providence,  RI  02912 
1  ATTN:  Prof.  Thomas  Rockett 

Case  Western  Reserve  University,  Department  of  Metallurgy, 
Cleveland,  OH  44106 
1  ATTN:  Prof.  A.  Cooper 
1  Prof.  Arthur  H.  Heuer 

Columbia  University,  Director  of  Center  for  Strategic 
Materials,  1137  S.W.,  Mudd  Building,  New  York,  NY  10027 
1  Dr.  John  K.  Tien 

Georgia  Institute  of  Technology,  Atlanta,  GA  30331 
1  ATTN:  EMSL/EES,  J.  D.  WaU-n 

Iowa  State  University,  Department  of  Materials  Science 
and  Engineering,  Ames,  1A  50011 

1  ATTN:  Dr.  Thomas  D.  McGee 

Johns  Hopkins  University,  Applied  Physics  Laboratory, 

Laurel,  MD  20810 

2  ATTN:  R.  Kelly  Frazer  and  Louis  D.  Weckesser 

Massachusetts  Institute  of  Technology,  Department  of 
Metallurgy  and  Materials  Science,  Cambridge,  MA  02139 
1  ATTN:  Prof.  K.  Bowen,  Room  12-009 
1  Prof.  R.  L.  Coble 

Michigan  Technical  University,  Department  of  Metallurgical 
Engineering,  Houghton,  Ml  49931 
1  ATTN:  Dr.  B.  Pletka 

North  Carolina  State  University,  Materials  Engineering 
Department,  232  Riddick  Laboratory,  Raleigh,  Nf  27650 
1  ATTN:  Prof.  Robert  F.  Davis 

North  Carolina  State  University,  Engineering  Research 
Services  Division,  2158  Burlington  Engineering  Laboratories, 
P.0.  Box  5995,  Raleigh,  NC  27607 
1  ATTN:  Dr.  Hayne  Palmour  III 

Ohio  State  University,  Ceramic  Engineering  Department, 

2041  College  Road,  Columbus,  OH  43210 
1  ATTN:  Prof.  Dennis  Readey.  Department  Chairman 

Pennsylvania  State  University,  Department  of  Materials 
Science  and  Engineering,  Steidle  Building,  University 
Park,  PA  16802 

1  ATTN:  Prof.  Richard  Tressler 
1  Dr.  J.  Mecholsky 

Rensselaer  Polytechnic  Institute,  Materials  Engineering 
Department,  Troy,  NY  12181 
1  ATTN:  Prof.  R.  Doremus 

Rutgers  University,  Busch  Campus,  Box  909,  Bowser  Road, 

Pi  sc at away,  NJ  08854 

1  ATTN:  Dr.  Malcolm  G.  McLaren,  Head,  Department  of 
Ceramics 

1  Prof.  R.  Cannon 

Rutgers  University,  Department  of  Ceramics,  P.0.  Box  901, 

Pi  sc  at  away,  NJ  0.8854 
i  ATTN:  Or.  John  8.  Wachtman,  Jr. 


Texas  A&M  University,  Civil  Engineering  Department,  College 
Station,  TX  77843 
1  ATTN:  Dr.  Richard  Schapery 

University  of  California,  Lawrence  Berkeley  Laboratory, 

264  Hearst  Mining  Building,  Berkeley,  CA  94720 
1  ATTN:  Dr.  Anthony  G.  Evans 

University  of  California,  Department  of  Materials  Science, 
Berkely,  CA  94720 
1  ATTN:  Prof.  0.  Marshall 

University  of  California,  Lawrence  Livermore  Laboratory, 

P.0.  Box  808,  Livermore,  CA  94550 
1  ATTN:  Mr.  R.  L.  Landingham 

University  of  California,  Department  of  Materials  Science 
and  Engineering,  Los  Angeles,  CA  90024 
1  ATTN:  Prof.  George  Sines 

University  of  Dayton,  Research  Institute,  College  Park, 
Dayton,  OH  45469 

1  ATTN:  Dr.  J.  Gallagher,  Structural  Integrity  Division 

University  of  Delaware,  Center  for  Composite  Materials, 

2001  Spencer  Laboratory,  Newark,  0E  19716 
1  ATTN:  Prof.  R.  Byron  Pipes 

University  of  Florida,  Department  of  Materials  Science  and 
Engineering,  Gainesville,  FL  32601 
1  ATTN:  Dr.  L.  Hench 

University  of  Illinois  at  Urbana-Champaign,  Department 
of  Ceramic  Engineering,  105  South  Goodwin  Avenue, 

Urbana,  IL  61801 

1  ATTN:  Prof.  Clifton  G.  Gergeron,  Head,  Department  of 
Ceramic  Engineering,  204  Ceramics  Building 
1  Prof.  Sherman  D.  Brown,  203  Ceramics  Building 

1  Dr.  Subhash  Risbud 

University  of  Massachusetts,  Department  of  Mechanical 
Engineering,  Amherst,  MA  01003 
l  ATTN:  Prof.  J.  Ritter,  Jr. 

1  Dr.  K.  Jafcus 

University  of  Michigan,  Ann  Arbor,  MI  48109 
1  ATTN:  Prof.  T.  Y.  Tien 

1  Prof.  J.  Wallace,  Department 

of  Materials  and  Metallurgical  Engineering 
1  Prof.  E.  Hucke 

University  of  Missouri  -  Rolla,  120  Fuller  Hall, 

Roll  a,  M0  65401-0249 
1  ATTN:  Prof.  Robert  Moore 

University  of  Utah,  College  of  Engineering,  Division  of 
Materials  Science  and  Engineering,  Salt  Lake  City,  UT  8411? 
1  ATTN:  I.  3.  Culler 

University  of  Washington,  Seattle,  UA  98195 
1  ATTN:  Prof.  R.  Bradt,  Mining,  Metallurgical  and 
Ceramic  Group 

3  Dr.  A.  E.  Emery,  Prof.  Albert  S.  Kobayashi,  and 

Dr.  Raymond  Taggcrl,  Department  of  Mechanical 
Engineering,  RI-10 

Dr.  James  1.  Mueller  and  Charles  W.  Newquist, 

Ceramic  Engineering  Division,  FB-10 
]  Prof.  A.  Miller 

1  Prof.  Trank  Gar 

University  of  Wyoming,  Composite  Materials  Research  Group, 
Mechanical  Engineering  Department,  laiamie,  WY  82071 
1  ATTN:  Prof.  Donald  T.  Adams 

Virginia  Polytechnic  Institute  anJ  State  University, 
Blacksburg,  VA  24001 

1  ATTN:  Dr.  D.  P.  II.  Masselman,  Department  nf  Materials 
Eng  inner ing 

l  Prof.  K.  L.  Re  if  snider.  Department  of  Engineer  mg 

Science  and  Mechanics 

Washington  University  at  SI.  Lnu.r..,  Lindcll  and  St  inker, 

Box  K".\  Si.  Louis,  M0  631  30 
1  ATTN:  Jr.  8.  T.  'aim,  Depart. cnl  nf  Mcchinical 
i  n i  men  in  * 
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Admiralty  Materials  Technology  Establishment,  Polle, 

Dorset  8H  16  6JU,  United  Kingdom 
1  ATTN:  Dr.  D.  Godfrey 

1  Dr.  M.  Lindley 

Admiralty  Research  Establishment,  Holton  Heath,  Polle, 

Dorset,  BH  16  6JU,  United  Kingdom 
1  ATTN:  Mr.  Keith  Pitman 

CSIRO  Advanced  Materials  Laboratory,  P.0.  Box  4331, 

Melbourne,  Victoria,  Australia  3001 
1  ATTN:  Dr.  M.  V.  Swain 

Denki  Kagaku  Kogyu  Kabushiki  Kaisha,  Pan  American  Build* 
ing,  200  Park  Avenue,  New  York,  NY  10166 
1  ATTN:  Mr.  Yukio  Ohhara 

Kyocera  Corporation,  Central  Research  Laboratory, 

1-4  Yamashita  -  Cho,  Kokubo,  Kagoshima,  899-43,  japan 
1  ATTN:  Dr.  Y.  Hamano 

Lucas  Cookson  Syalon,  Ltd.,  Cranmore  Boulevard,  Shirley- 
Sulihull,  West  Midlands,  B904LL,  United  Kingdom 
1  ATTN:  A.  Szweda 
1  J.  Lamby 

Materials  Research  Laboratories,  P.0.  Box  50,  Ascot  Vale, 

VIC  3032,  Australia 
1  ATTN:  Dr.  C.  W.  Heaver 

National  Institute  for  Materials  Research,  P.0.  Box  395, 
Pretoria,  0001,  South  Africa 
1  ATTN:  Dr.  B.  Berger 

Norton  Company,  8001  Daly  Street,  Niagara  Falls,  Ontario, 
Canada  L2G  6S2 
1  ATTN:  Dr.  Chris  Knapp 
1  Dr.  R.  Trischuk 

SNECMA  Laboratorre  -  Section  YK0T5,  BP  81  91003, 

Eury  Eedex,  France 
1  ATTN:  Dr.  Daniel  Laroche 

Stiftelsen  Svensk  Detonikforskning,  Tel lusborgsvagen 
34-26,  P.0.  Box  32058,  S-126  11  Stockholm,  Sweden 
1  ATTN:  Dr.  Finn  Ouchterlong 

Toyota  Central  Research  and  Development  Laboratories, 

502  Group,  Nagakute-Cho,  Aichi-Gun,  Aichi-Ken  480-11, 

Japan 

1  ATTN:  Dr.  Shigeki  Kobayashi 

University  of  Newcastle  Upon  Tyne,  Cookson  Group, 

Newcastle  on  Tyne,  NEI  7  RU,  United  Kingdom 
1  ATTN:  Prof.  K.  jack 

Springfield  Nuclear  Power  Development  laboratories,  UKACA 
Northern  Division,  Springfield,  Salick  Preston  PR4  ORR, 

United  Kingdom 
1  ATTN:  Dr.  Bernard  North 

McMaster  University,  1280  Main  Street  West,  Hamilton 
Ontario,  Canada,  L8S  4M1 

1  ATTN:  Prof.  D.  S.  Wilkinson,  Institute  for  Materials 
Research 

1  Or.  Patrick  Nicholson,  Department  of  Metallurgy 

and  Materials  Science 

Joint  Research  Center  -  Petten,  Materials  Division, 

Postbus  2,  1775  ZG  Patten,  The  Netherlands 
1  ATTN:  Dr.  0.  Van  der  Blesk 

I.  H.  Daimler  -  Benz  -  Artfengesellschaft,  Forschung  und 
Entwicklung,  Technologic,  -  Keramik  E6ST 
7000  Stuttgart  60.  West  Germany 
1  ATTN:  Dr.  Claus  P.  Lahmann 

1  Klaus  Morgenthaler 

Associated  Engineering  Developments  Limited,  Engineering 
Ceramic  Unit,  40  Somers  Road,  Rugby,  CV22  7DD 
Warwickshire,  United  Kingdom 
1  ATTN:  Mr.  J.  Moore 

Max  -  Planck  Institut,  Institut  fur  Werkstoff-Wissen-Scbaften, 
92  See  Street,  2000  Stuttgart  1,  West  Germany 
1  ATTN:  Dr.  Pabst 
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Copies  To 

Hitachi  -  Carborundum  Company,  Shinjuku-Mitsui  Building, 

No.  1-1,  2-Chome,  Nishtshinjufcu  Shinjuku-ku,  Tokyo  160,  Japan 
1  ATTN:  Dr.  John  A.  Coppola 

N6K  Insulators,  Limited,  Head  Office  2-56,  Suda-cho  Ntzuho-ku 
Nagoya,  Japan 

1  ATTN:  Dr.  I.  Oda,  General  Manager,  Materials  Research  Lab. 

NILCRA  Ceramics,  P.0.  Box  156,  Northcote,  Victoria  3070, 
Australia 

1  ATTN:  Dr.  I.  Fitzpatrick 

Institut  fur  Material  und  Festkorperforschung,  Postfach  3640, 
Karlsruhe,  West  Germany 
1  ATTN:  Prof.  Dr.  F.  Thuonler 

Institut  fur  Werkstoff -Forschung,  DFVLR,  5000  Cologne  90, 

West  Germany 

1  ATTN:  Dr.  Gunter  Ziegler 
1  Dr.  W.  Bunk 

Asahi  Gian  Company,  Research  Laboratory,  Hazawa-cho, 
Kanagawa-ku,  Yokohama  221,  Japan 
1  ATTN:  Dr.  Hiroyuki  Fujita 

Asahi  Gian  Company,  Research  and  Development  Division, 
Hazawa-cho  Kanagawa-ku,  Yokohama  221,  Japan 
1  ATTN:  Dr.  Hiroshi  Abe 

AERE -Harwell,  MMD,  Building  552,  Harwell,  Didcot  OXON 
0X11  ORA  United  Kingdom 
1  ATTN:  R.  D.  Davidge 

The  University  of  British  Columbia,  Department  of 
Metallurgical  Engineering,  307-6350  Stores  Road,  Vancouver, 
British  Columbia,  Canada,  V6T  1W5 
1  ATTN:  Dr.  John  Nadeau 

AC  Spark  Plug,  Ceramics  Research,  1300  N.  Oort  Highway, 

Flint,  Ml  48556 
1  ATTN:  Dr.  F.  Kennard,  III 
1  Bernard  J.  Busovne,  Jr. 

Adiabatics,  Inc.,  630  S.  Mapleton,  Columbus,  IN  47201 
1  ATTN:  Dr.  Roy  Kamo,  President 

Advanced  Refractory  Technologies,  Inc.,  699  Hertel  Avenue, 
Buffalo,  NY  14207 
1  ATTN:  Dr.  Peter  T.  B.  Shaffer 

The  Aerospace  Corporation,  P.0.  Box  92957,  Los  Angeles, 
ra  qmno 

1  ATTN:  W.  U.  Roessler,  M3- 392 

Air  Products  and  Chemicals,  Inc.,  Box  538,  Allentown, 

PA  18105 

1  ATTN:  Mr.  Ken  Baumert 

AiResearch  Casting  Company,  19800  Van  Ness  Avenue,  Torrance, 
CA  90509 

1  ATTN:  Mr.  Karsten  H.  Styhr 

1  J.  R.  Hengst 

1  D.  Kotchick 

1  D.  Schwab 

AiResearch/Garrett  Turbine  Engine  Company,  P.0.  Box  5217, 

111  South  34th  Street,  Phoenix,  AZ  85010 
1  ATTN:  Dr.  D.  Carruthers 

1  Dave  G.  Finger 

1  Dr.  J.  Smythe 

1  Dr.  J.  Winner 

ALCOA  Laboratories,  Alcoa  Center,  PA  15069 
1  ATTN:  Mr.  Richard  Rolf,  Product  Engineering  Division 

Amercom,  Inc.,  8948  Fullbright  Avenue,  Chatsworth,  CA  91311 
1  ATTN:  Mr.  R.  E.  Fisher,  President 

AM  General  Corporation,  14250  Plymouth  Road,  Detroit, 

MI  48232 

1  ATTN:  Steven  l.  Sanborn 

ARCO  Chemicals,  Silag  Operation,  Route  6,  Box  A,  Greer, 

SC  29651 

1  ATTN:  Dr.  Ronald  L.  Beatty 
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AVCO,  Lowell  Industrial  Park,  Lowell,  MA  01887 
1  ATTN:  Dr.  T.  Vasilos,  Applied  Technology  Division 

AVCO  Lycoming  Division,  550  South  Main  Street,  Stratford, 

CT  06497 

1  ATTN:  Dr.  Sharon  Trombley 
1  D.  E.  Wilson 

1  Hsiamin  Jen 

1  Robert  Johnston 

1  Mr.  Zoltal  Libertini 

Babcock  and  Wilcox,  P.0.  Box  1260,  Lynchburg,  VA  24505 
1  ATTN:  Mr.  Michael  Rigdon 

Bell  Laboratories,  Inc.,  555  Union  Blvd.,  Allentown, 

PA  18103 

1  ATTN:  Bhaskar  B.  Ghate 

The  Bendix  Corporation,  900  W.  Maple  Road,  Troy,  MI  48084 
1  ATTN:  Paul  C.  Becker,  Ph.D.,  Manager,  Engineering  Materials, 
Materials  Technology  Center,  Automotive  Technical 
Center 

The  Boeing  Company,  Seattle,  WA  98124 
1  ATTN:  Mr.  J.  Van  Wyk,  Materials  &  Processes  Laboratory, 
Aerospace  Group 

Brunswick  Corporation,  150  Johnston  Road,  Marion,  VA  24354 
1  ATTN:  Harold  R.  Mabe,  Defense  Division 
1  Garry  D.  Leonard 

1  Robert  L.  Copeland 

Caterpillar  Tractor  Company,  100  N.E.  Adams,  Peoria, 

IL  61629 

I  ATTN:  Mr.  John  ft.  Bailey,  Research  Consultant,  Research 
Department,  Technical  Center 

Celanese  Research  Company,  Summit  Technical  Center, 

86  Morris  Avenue,  Summit,  NJ  07901 
1  ATTN:  Dr.  John  Gahimer,  Senior  Technology  Analyst 

Ccradyne  Inc.,  3030-A  South  Red  Hill  Avenue,  Santa  Ana, 

CA  92705 

1  ATTN:  Dr.  Richard  Palicka 

Ceramic  Finishing  Company,  P.0.  Box  493,  State  College, 

PA  16801 

1  ATTN:  Dr.  H.  P.  Kirchner 
1  Dr.  R.  Gruver 

Champion  Spark  Plug  Company,  20000  Conner  Avenue,  Detroit, 

MI  48234 

1  ATTN:  Mr.  William  Manning 
1  Mr.  Paul  Rempes 

Chrysler  Corporation,  Box  1118,  Detroit,  MI  48238 
1  ATTN:  John  M.  Corwin,  C1MS  418-36-15 

Combustion  Engineering  Inc.,  911  West  Main  Street, 
Chattanooga,  TN  37402 
1  ATTN:  C.  H.  Sump 

Concept  Analysis  Corporation,  9145  General  Court, 

Plymouth,  MI  48170 
1  ATTN:  Paul  Glance,  Ph.D.,  M.C. 

Coors  Porcelain  Company,  600  Ninth  Street,  Golden, 

CO  80401 

1  ATTN:  Kenneth  Green,  Eng.  IV  Supervisor 
1  Mr.  Donald  Roy 

Coors  Porcelain  Company,  17750  North  32nd  Street,  Golden, 

CO  80401 

1  ATTN:  Dr.  David  Wirth,  Vice  President,  Technical  Operations 
Research  and  Development 

Corning  Glass  Works,  Sullivan  Park,  Corning,  NY  14830 
1  ATTN:  Mr.  J.  G.  tanning,  Advanced  Engine  Components,  HP-BB-2 
1  Herbert  A.  Mi  ska.  Main  Plant,  MS  3-05-5 

1  Dr.  K.  Chyting 

1  Dr.  M.  Taylor 

1  Donna  L.  Taylor 


Cummins  Engine  Company,  Inc.,  Box  3005,  Columbus,  IN 
47202-3005 

1  ATTN:  Dr.  James  W.  Patten,  Director,  Materials  Engineering, 
Mail  Code  50183 
1  Or,  George  Wo Iter 

1  Or.  T.  Yonushonis 

Deere  and  Company  Technical  Center,  3300  River  Orive, 

Moline,  IL  61265 

1  ATTN:  Dr.  Gopal  Revankar,  Metals  Research 

Delta  Q  Labs,  P.0.  Box  64,  West  Nottingham,  NH  03291 
1  ATTN:  Dr.  Dale  Rice 

DHR,  Inc.,  6858  Old  Dominion  Drive,  McLean,  VA  22101 
1  ATTN:  Dr.  Richard  Silberglitt 

Dow  Corning  Corporation,  3902  S.  Saginaw  Road,  Midland, 

MI  48640 

1  ATTN:  Dr.  Frank  Chi 

Dow  Corning  Corporation,  3901  S.  Saginaw  Road,  Midland, 

MI  48640 

1  ATTN:  Mr.  H.  W.  Foglesong 

Dow  Corning  Corporation,  Midland,  MI  48000 
1  ATTN:  Mr.  Neal  Langley 

The  Dow  Chemical  Company,  M.  E.  Pruitt  Bldg.  -  1776, 

Central  Research  Inorganic  Lab.,  Midland,  MI  48640 
1  ATTN:  William  Rafaniello 

Eaton  Corporation,  26201  Northwestern  Highway,  P.0.  Box  766, 
Southfield,  MI  48037 
1  ATTN:  Kenneth  A.  Hatcher 

1  Mr.  Thomas  J.  Wissing,  Manager,  Government  Contract 

Administration,  Engineering  and  Research  Center 

EG&G,  Inc.,  Materials  Technology  Division,  Idaho  National 
Laboratories,  P.0.  Box  1625,  Idaho  Falls,  ID  83415 
1  ATTN:  Dr.  Victor  Kelsey 

1  Dr.  Gary  Korth 

EATON  Operations  and  Technical  Center,  4201  North  27th  St. 
Milwaukee,  UI  53216 

1  ATTN:  Dr.  T.  Kuczkowski,  Materials  Research 

EPRl,  P.0.  Box  10412,  3412  Mill  view  Avenue,  Palo  Alto, 

CA  94304 

1  ATTN:  Dr.  A.  Cohn 

1  Mr.  K.  Kinsman 

Fiber  Materials,  Inc.,  Biddeford  Industrial  Park,  Biddeford, 
ME  04005 

1  ATTN:  Dr.  H.  D.  Batha 

Ford  Motor  Company,  P.0.  Box  2053,  Dearborn,  MI  48121 
1  ATTN:  Dr.  A.  Me  lean.  Ceramics  Materials  Department 

1  Lewis  R.  Swank,  Rm.  E-3172  SRL 

1  Dr.  R.  Govila 

1  Dr.  J.  Mangels 

The  Garrett  Corporation,  9851  Sepulveda  Boulevard,  P.0.  Box 
92248,  Los  Angeles,  CA  90009 
1  ATTN:  Dr.  John  Mason,  Vice  President  -  Engineering 

GA  Technologies,  Inc.,  P.0.  Box  81608,  San  Diego,  CA  92138 
1  ATTN:  Dr.  T.  D.  Gulden,  Manager,  Ceramics  and  Chemistry 

Gas  Research  Institute,  8600  West  Bryn  Mawr  Avenue,  Chicago, 
IL  60631 

1  ATTN:  Dr.  Winston  W.  Liang,  Project  Manager,  Industrial 
Materials  Research 

General  Atomic  Company,  P.0.  Box  31608,  San  Diego,  CA  92138 
1  ATTN:  Mr.  Jim  Hotzgraf 
1  Mr.  J.  Sheehan 

General  Electric  Company,  Aircraft  Engine  Group,  Mail  Drop 
11-99,  Cincinnati,  OH  45215 
I  ATTN:  Warren  A.  Nelson 

General  dec  trie  Company,  Mail  Drop  MR?,  1-75  and  Neumann 
Way,  Cincinnati,  OH  45215 
1  ATTN:  Dr.  John  S.  Erickson 
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General  Electric  Company,  P.0.  Box  B,  Schenectady,  NT  12345 
1  ATTN:  Dr.  Curtis  A.  Johnson 

1  Dr.  R.  Giddings 

1  Dr.  C.  Greskovich,  Research  and  Development  Center 

1  Dr.  R.  J.  Charles 

General  Electric  Company, Space  System  Division,  M/S  U4212, 
Bldg.  100,  P.0.  Box  85S5,  Philadelphia,  PA  19101 
1  ATTN:  Dr.  A.  Ismail  Abdel-Iatif 
1  Or.  Soloman  Musikant 

General  Dynamics  Corporation,  P.0.  Box  2507,  Pomona, 

CA  91766 

1  ATTN:  Or.  R.  Hallse,  Pomona  Division 

General  Motors  Technical  Center,  Research  Laboratories, 
Department  43,  General  Motors  Research,  Warren,  MI 
48090-9055 

1  ATTN:  Mr.  Bill  Alcini 
1  Jerry  A.  Barendreght 

1  Or.  S.  Schuon 

1  Dr.  Alan  Oruschitz 

General  Motors  Corporation,  Allison  Gas  Turbine  Operations, 
P.0.  Box  420,  Indianapolis,  IN  46206-0420 
1  ATTN:  Dr.  Peter  W.  Heitman,  W-5 
1  Mr.  H.  E.  Helms 

1  Michael  Janovicz 

1  Mr.  Harold  L.  Stocker,  T-23,  Manager,  Low  Heat 

Rejection  Program 

1  Dr.  Pramod  Khandelwall,  W-5 

Gobal,  50  Milk  Street,  15th  Floor,  Boston,  MA  02109 
1  ATTN:  Dr.  Bruce  Rubinger 

GTE  Products  Corporation,  Hawes  Street,  Towanda, 

PA  18848-0504 

1  ATTN:  Or.  Carr  Lane  Quackenbush 

GTE  Laboratories,  40  Sylvan  Road,  Waltham,  MA  02154 
I  ATTN:  Or.  J.  Thomas  Smith,  Director,  Precision 
Materials  Technology 
1  Dr.  Arvid  E.  Pasto 

1  Mr.  J.  Neal 

1  Dr.  M.  L.  Huckabee 

1  Dr.  J.  G.  Baldoni 

1  Dr.  T.  Butler 

GTE  Wesgo,  477  Harbor  Boulevard,  Belmont,  CA  94002 
1  ATTN:  Mr.  C.  Edmiston 

1  Dr.  D.  Milovic 

1  Dr.  Howard  Mizuhara 

1  Mr.  R.  A.  Harmon,  25  Schalren  Drive,  Latham,  NT  12110 

1  Hogue  International,  3  Adams  Street,  South  Portland, 

ME  04106 

Honeywell  Ceramics  Center,  1885  Douglas  Drive,  Golden 
Valley,  MN  55422 
1  ATTN:  Mr.  W.  Harrison 

Honeywell,  Inc.,  10701  Lynda'e  Avenue  South,  Bloomington, 

MN  55420 

1  ATTN:  Dr.  B.  Koepke 

1  Dr.  K.  McHenry 

llowmet  Turbine  Components  Corporation,  1600  South  Warner 
Road,  Whitehall,  MI  49461 

1  ATTN:  Mr.  Larry  G.  McCoy,  Ceramic  Products  Division 

IBM  Corporation,  1701  North  Street,  Endicott,  NY  13732 
1  ATTN:  Dr.  Brent  Knifer,  U48/022-3 

ITT  Research  Institute,  10  West  35th  Street,  Chicago, 

IL  60616 

1  ATTN:  Mr.  S.  Bortz,  Director,  Ceramics  Research 
1  Dr.  David  C.  Larsen 

1  Ms.  Jane  Adams 

Jet  Propulsion  Laboratories,  4800  Oak  Grove  Drive,  Pasadena, 
CA  91103 

1  ATTN:  Mr.  W.  C.  Dunn,  M.S.  125-244 
1  William  A.  Edmiston,  Building  506,  Room  432 

1  James  G.  Zwissler,  Member  Tech.  Staff 

1  Dr.  Richard  Smoak 


Kyocera  International,  2300  East  Devon  Avenue,  Suite  253, 

Des  Plaines,  IL  60018 
1  ATTN:  Nick  Kamiya 

Lanxide  Corporation,  Tralee  Industrial  Park,  Newark, 

DE  19711 

1  ATTN:  Mr.  Stanley  Lutz 

Lockheed  Missiles  and  Space  Company,  Inc.,  P.0.  Box  504, 
Sunnyvale,  CA  94086 

1  ATTN:  C.  D.  Himmelblau,  Sr.  Materials  Engineer,  0/81-33, 
B/154 

LTV  Vought  Missiles  and  Advanced  Programs  Division, 

P.0.  Box  225907,  Dallas,  TK  75265 
1  ATTN:  Mr.  Douglas  Freitag,  Mail  Stop  TH-85 

Maremont  Corporation,  291  North  Street,  Saco,  ME  04072 
1  ATTN:  Ernest  Sunning,  Saco  Defense  Systems  Division 

Martin  Marietta  Aerospace,  P.0.  Box  5837,  Orlando,  FL  32855 
1  ATTN:  Earle  A.  Welsh,  305/352-3435,  Mail  Point  275 

Martin  Marietta  Laboratories,  1450  South  Rolling  Road, 
Baltimore,  MD  21227-3898 

1  ATTN:  Dr.  Albert  R.  C.  Westwood,  Corporate  Director 
1  Dr.  Jan  Skalny,  Associate  Director, 

1  Dr.  J.  Venables 

Mechanical  Technology,  Inc.,  968  Albany-Shaker  Road,  Latham, 
NY  12110 

1  ATTN:  Mr.  Warren  F.  Bessler,  Manager,  Advanced 
Programs  Branch 
1  S.  Gray 

1  W.  P.  Sumigray 

Norton  Company,  One  New  Bond  Street,  Worcester,  MA  01606 
1  ATTN:  Mr.  Robert  J.  Russell,  Divisional  Vice  President, 

Technology  and  Planning,  High  Performance  Ceramics 
1  Dr.  Anil  K.  Agarwall,  Product  Manager 

1  Dr.  Joseph  Panzarino 

1  Dr.  P.  0.  Charreyron 

1  Dr.  James  Hannoosh 

i  Maurice  L.  Torti 

1  Dr.  R.  Yecheley 

OR  I ,  Inc.,  1375  Piccard  Drive,  Rockville,  MD  20910 
1  ATTN:  Mr.  William  L.  Cleary,  Associate  Division  Director 

Pratt  and  Whitney  Aircraft,  P.0.  Box  2691,  West  Palm  Beach, 
FL  33402 

I  ATTN:  Mr.  Mel  Mendel  son 

1  Pittsburgh  Corning  Corporation,  800  Presque  Isle  Drive, 
Pittsburgh,  PA  15239 

Raytheon  Missile  Systems  Division,  Bedford,  MA  01730 
1  ATTN:  Dr.  Peter  L.  Boland 
1  Joel  Speare 

1  Bruce  C.  Center,  Staff  Engineer 

Raytheon  Research  Division,  131  Spring  Street,  Lexington, 

MA  02173 

1  ATTN:  Dr.  R.  Gentilman 
1  Dr.  E.  Maguire 

Rocketdyne,  6633  Canoga  Avenue,  Canoga  Park,  CA  91304 
1  ATTN:  Mr.  Harold  Carpenter 

Rockwell  International  Science  Center,  P.0.  Box  1085,  1049 
Camino  Dos  Rios,  Thousand  Oaks,  CA  91360 
1  ATTN:  Dr.  Frederic  Lange 
1  Dr.  D.  Green 

1  Dr.  Maxine  Savitz,  5019  Lowell  Street,  Washington,  DC  20016 

Signal  UOP  Corporate  Research  Center,  10  UOP  Plaza, 

Des  Plaines,  IL  60016 
1  ATTN:  Dr.  Steven  Gonczy 

SOHIO  Engineered  Materials  Company,  P.0.  Box  1054, 

Niagara  Falls,  NY  14302 

1  ATTN:  Dr.  Jonathan  W.  Hinton,  Vice  President  and  General 
Manager,  Structural  Ceramics 


f 

No.  of 

1 

s 

To 

Copies 

To  1 

S0H10  Engineered  Materials  Company,  P.0.  Box  S3?, 

Niagara  Falls,  NY  14302 

1  ATTN:  Or.  M.  Srlnivasan,  Advanced  Materials  Division 
1  Dr.  S.  Seshadri 

1  G.  Weber 

Solar  Energy  Research  Institute,  1617  Cole  Boulevard, 
Golden,  CO  80401 
1  ATTN:  Mr.  Gary  Jorgensen 

Solar  Turbines,  Inc.,  P.0.  Box  80966,  2200  Pacific  Highway, 
San  Diego,  CA  92138 
1  ATTN:  Dr.  Arthur  Metcalfe 
1  Andrew  Russell,  MS  R-l 

1  J.  Napier,  MS  R-l 

Southern  Research  Institute,  P.0.  Box  3307-A,  Birmingham, 

AL  35205 

1  ATTN:  Mr.  H.  S.  Starrett 

Southwest  Research  Institute,  Culebra  Road,  San  Antonio, 

TX  78284 

1  ATTN:  Dr.  J.  Lankford 

Stanford  Research  International,  333  Ravenswood  Avenue, 
Menlo  Park,  CA  94025 
1  ATTN:  Dr.  P.  Jorgensen 

Systems  Research  Laboratories,  2800  Indian  Ripple  Road, 
Dayton,  OH  45440 
1  ATTN:  Dr.  M.  G.  Mendiratta 

SKF  Industries,  1100  First  Avenue,  King  of  Prussia, 

PA  19406 

1  ATTN:  Mr.  H.  Dalai 

SRI  International,  333  Ravenswood  Avenue,  Menlo  Park, 

CA  94025 

1  ATTN:  Dr.  David  Rowel iffe 
1  Dr.  Phil  Umhold 

Tam  Ceramics,  Inc.,  Box  C,  Bridge  Station,  Niagara  Falls, 

NY  14305 

1  ATTN:  Roy  C.  Holmes,  Technical  Product  Manager 

Teledyne-CAE,  P.0.  Box  6971,  Toledo,  OH  43612 
1  ATTN:  Mr.  R.  Beck 

Teledyne  Continental  Motors,  76  Getty  Street,  Muskegon, 

MI  49442 

1  ATTN:  William  H.  Schimanski,  and  Michael  Moynihan 


Teresco,  Inc.,  P.0.  Box  2269,  Station  A,  Champaign, 

IL  61820 

1  ATTN:  Morris  Berg 

TRW/Marlin  Rockwell  Division,  402  Chandler  Street,  Jamestown, 
NY  14701 

1  ATTN:  Michael  Franklin 

United  Technologies  Research  Center,  Silver  Lane,  East 
Hartford,  CT  06108 
1  ATTN:  Dr.  F  Galasso 
1  Karl  M.  Prewo,  MS-24 

Universal  Energy  Systems,  4401  Dayton  -  Xenia  Road, 

Dayton,  OH  45432 

1  ATTN:  Dr.  Tai-Il  Mah,  Technical  Manager,  Ceramics  and 
Composite  Research 

Varian/EIMAC,  301  Industrial  Way,  San  Carlos,  CA  94070 
1  ATTN:  Mr.  S.  William  Kessler,  Materials  and  Processing 
Laboratory 

W.  E.  Grace  and  Company,  7379  Route  32,  Columbia,  MD  21044 
1  ATTN:  Kevin  E.  Bennet 

1  Dr.  Roy  Rice,  Director,  Materials  Research 

Warner-lshi,  707  Southside  Drive,  Decatur,  IL  62525 
1  ATTN:  Hideaki  Matsuoka,  Director  of  Advanced  Technology 

Westinghouse  Research  and  Development  Center,  1310  Beaulah 
Road,  Pittsburgh,  PA  15235 
1  ATTN:  Dr.  D.  Wilson 

1  Dr.  S.  C.  Singhal,  Research  Laboratory 

1  Dr.  Raymond  J.  Bratton,  Manager,  Ceramic  Science 

Williams  International,  2280  West  Maple  Road,  P.0.  Box  200, 
Walled  Lake,  MI  48088 
1  ATTN:  Mr.  William  Chapment 
1  Mike  Egan 

1  Warren  J.  Pollington 

U.S.  Army  Materials  Technology  Laboratory,  Watertown, 

MA  02172-0001 

2  ATTN:  SLCMT-IML 

2  Authors 


I! 


i 


W  oh  ■ 
•  CL  W  4J 


•—  cc  wi  id  cna 

U.  I-  *P  -D  C  O 

«-i  iSI  k  v  OJ  k 

in*-*  o  Z  k  a. 

</>  O  3  k  W 

3_  fl  WI  u 

CJ  >»  o  ••- 

UUI  IU  r—  c 
3C  h-  aZ  c  m  o 

=  —  O  k  vi 

X  U  3  ns 

*-•  •*-  X  k 

-j  —  a>  w 


cti  (•  i«  • 

•O  i-  k  Z  £3 
VIU.+J  W 
£  k  VI  CTI  ns 


S8t-=J<S 

D  I 

1-04  T3 

9^;<  c 

il-nOh  U 
•O  CVJ  UJ 
— I  O  I —  CO  c 


§4-41  cn  ns 
•a  V  co 
O  U  4-  •  (I 
k  u  irt  i.  C 

c  to  *->■*->  o 

•wo  CVIU 

«  U  r-  JJ  -r- 

•w  *0  E  *0  •— 
vi  »—  k  •*-  oj  •*- 
4/  •*-  3  4-  w  vi 

W  4>  5  E  *D 

^  *4  <—  X  •*-  Ol 
P  W  **-  01  *—  k 

P  a» 

o  A  '  w  w 
4-  £tf  «  C 
a.*o 

41  P»h-  W  V* 
>“  4.  C  W 
41  at  01  — '  VI  4- 

o  w  k  co 

c  W  ftj  O 

C  t-  v>  I-  •*-  »— 

«  trt  3  W  TJ 

-c  w  <«  u 

o  O  «  Q-. - — 

*•*•  4-  3  3  0. 

E  4-  3  4-  O  >> 

W  X  I  O  W 

o  u  u  vi  a 

•CO Ir-  VI  41 


>>  =30  > 

CAlA-JUJ  4 

0*J<ttr- 

—  w  >  Ui  VO 
O  4JWI- 

cw  at  • 
-c  3  >*  •— 

U  C  H  l/l 
01  UK  r— 


«  C  4-  3  W  41 
>  0)  01  W  4-1 

P  O  0-10*0  « 


i’E'S  g 

'5**  ltd 


HHO  D 
VI  VI  o  U _  z 
r—  m  ac.  u 
«  I  a.  </i  f 

**-  u/  a: 


222s 


3  1-  P  W  C  4-> 
o  o  P  01 

_  Ctjtjc 

*p  v»  oj  •*-  o 

P  0)  *0  CL 
**  i.  oj  a  c  -o 
k  3  *P  P  O  OJ 
k  w  3  4if  k 
H  «I-  irt  ♦>  3 
u  k  u  «  V> 

0)  c  "O  c  <a 


L  <  UJ  m 
.0  =  0,00 
w  o  IE  ac 


«S£-g^2 
*~  S|CT-Sg 


_  «->  C  -  X  v> 

E  •*-  O  01  01 

•o  O  w  Q  •»- 
4  4MAOUV 
0»4-»  P  O  •*-  k 

SaVNX  ti 
>  a.  a. 

a.  aj  oj  q  o 


— •  ac  v» 
u.  I—  TJ 

*-!</>  k 

l/)H«  o 


o 

<gQ  * 

5q  >» 

(_>  UJ  Oi 
ZH  X 


4.C  A 
VIU.  vv. 
v>  p« 

>  41  CO 


W  VI  4-  C 

:  /iv  v  o 

3  C  VI  o 

*  8  y »- 

-  k  •*-  0)  -t- 

■  3  4-  v  W 


P  O.  E  *o 
S  *—  X  *r*  p 
'4W  P  —  k 


r  ac  <o  c 

>  V  I/)  £  v 
J  ♦/  V) 


»  P  w  VI  4- 

k  co 

W  OJ  O 
/I  4.-I-.- 
=?  W  *4 


< 

>z  « 

UI  o  C7> 
>*«  -IU  u 


40UJM  O 

S8t=i<3! 


«  •  <V) 
4.CSJ  -o 

JSSSlS  5 

ONMUJ 
-I  Oh  (D  C 

>}  30  > 

04  VI  —I  UJ  10 
OV<fl£f- 
v—  w  >  ui «/) 

O  41  Ui  H- 

c  V)  ac  • 

=  3>.  *-4*3 


i  «  a.»— 
4-3  3  0. 

3  fc  a.  >» 
X  I  p  -w 
u  vi  a 

»  V4  41 

vail!. 
L  «  « 

4>  •*-*  r— 

4-  VI  4-  r— 


01  U  CL  f- 

h-  01 

VI  OL  o  10 
VI  VI  O  U.  JC 
*“  JB  S  O 

«xa.w)r 
T  ui  X 


®°e,4c 


Si^l 
2  SSS! 


li  tip  a 

•p  w  ai  a.  c  -p 

U  3  T3  ll  O  V 

U  W  3  *j  •*•  U 

u  4-  o  3  * 

4»  c  p  2  m 


M5» 

u  JB  Ui  Ui 


VUI# 

3S8^5 


SKiuS 

O' w  4)  O  •*“  V. 

cx  oi  *  no 

4  O'  a. 


VI 

44-  h-  "O 
— «  CO  4- 
C/l  •-*  o 

42  Q  5 

JQ  >s 

A 


28h-d^ 


3  »  £ 
v  Oh  • 
•  ah  4i 

T)  ti  p  y  -O 

C  *0  C  to  •  -r- 

4-  x:  £3 

§-0  IAU.h  4. 
4-  VI  9i« 
•0  41  CO 
out-  >01 
4-  VU4.  C 
C  MW  o 
WO  C  VI  o 
«  Or-  A)  -r- 

•»"  Etlr- 

VI  f—  Ll-  4)  ■«- 

01  3  4.  h  VI 

w  vi  x  «•£: 

w  4»  CL  E  TJ 
L  Or-  X-f*  0) 

OJ  w  S-  OJ  •—  4- 
Q.  OJ  OJ 

O  3  h  h 

»-  _  «  a:  «  c 

O.TJ  W  «/)  -C  •*- 
01  plh-  W  VI 

r-  L  c  V) 

<o  oj  ai  —  vi  •*- 

u  W  t.  co 

c  *i  01  o 

C  t-  VI  u  •<-  »— 
n  VI  3  W  to 
C  *-  4i  4  U 
o  o  ns  o.»—  •»- 
if  4.33a 

e  4.  s  u  a>) 
W  x  *  p  w 
oi  u  v  vi  o. 

x:  OJ  r—  VI  41 
W  r—  *V-  t)  X  4- 
Ui  u  n)  *o 
OJ  tlVr- 


nj  cm  ►-»  ui 
JOhCD  c 

>»  So  > 

cn  vi  — i  uj  nj 
o  w<a:^- 

»•  V>UJI/| 
O  OJ  UJ  I— 

C  VI  z  . 
Z  3  »-  *-*0 


«  <  9  <0 

3  4.  V  «  «T- 


r*  ««4.C  4. 
4  C  L  3  V  tl 
>  «  «4i  W 

^fZ'SS 

o  o»  5  o>  -- 

«-*£*•»  5-^^ 

w  £  Sv£ 


Oi  O  DC  r— 
h-  n  uj  a:  0; 
VI  CL  o  ns 


VI  V)  O  u.  Z 

-  o 

ns  X  a.  to  t- 


asse  • 

l.  <  UJ  M 

<3xhu 


31*  Svcv 

O  O  p  41 
£-  *p  -o  c 
*o  vi  a;  •*-  o 
4;  oit)  a 
1*  L  41  ac*o 

4-  3  T3  OI  O  O) 

W  4J  O  4J  u 

ns  nJ  •—  v>  -l>  3 

u  l  u  m  vi 

4*  c  *p  c  ns 


si;n» 


_  w  c  *  X  VI 
E  •*-  O  ai  4» 
« *o  wo  •»- 
L  41  VI  Q  O  w 
cn  w  4>  o  t-  4- 

2  5^^-g.S. 

<  fh  «  Dia 


^  ac  vi 

UK  T3 

*2  VI  4- 

4/1  *-<  o 

too  at 

3q  >, 

O  Ui  (U 

s  ^  * 


C  4J 
3  I  Z 
w  of-  • 
•  Q.W  41 

*5030  *o 

CT3  L  4  .  T- 
•O  f-  U  Z  jO 
Z  VI  U.  w  L 


6  4.  vi  OH 

O  «  «  C  ( 

5  o  i.  •  Of 


U  w  VI  4-  C 

C  VI  w  w  o 

w  O  C  VI  o 

ns  Ur-  *  f 

^  P  6*0  r- 

VI  r-  Li*  41  •*- 
41  *r-  3  L  V  VI 
•*  vi  X  111- 

t*  -  ^  3*  6  7 

L  4r-  Xi-  i 
4IVL  4J  •—  L. 

9*  S  01 

O  Z  -r->  W  W 

L_xur  4  c 
0b*0  Ul/lZi- 
01  Oil—  W  VI 

»—  U  c  to 

ns  oj  O'—  vi «*- 

w  v  l  co 

•r;  C  W  41  5 


>Z  4) 

UJ  O  OI 
>|W  O  4- 


LOUJm  o 

2g_dJ 


i  rz  a  > 

OI  V)  U  UJ  4 

ow3oc  — 
r-  4-»  »  Ui  4/1 


-  C  W  o  o 

C  1-  VI  L.  T-  *— 
ns  V)  3  w  ns 
Z  r—  w  «Q  O 

u  y  4  0.1—  •— 

Sy  l  3  3  a 

4.  3  L  CL  >, 

^  w  x  I  o  w 
oi  y  t)  vi  a 
£  OH-  VI  41 
w  r-  v  41  X  L 
UJ  L  4  4 
4i  a>  W  r- 
Vf-  4-  VI  4-  r- 
«  *  3  <4 

3  L  V  41  4)  •*• 
•—  V  4  L  Z  4. 
JO  c  k  3  W  41 

“Kai 


Z  3  >»  -1  -3 
U  £  h  in 

4»  o  ac  •— 
H  4  UJtt  oi 
>"iO  4 


)4ifiai«* 

■»  Z  w  5.4-  VI 

*  E  Sh£ 


vi  a.  o  n» 

VI  m6u.£ 

*-  JB  ac  o 

4  Z  O  V1 1- 


4-  *  ua 

sss?  • 

2-zSa 


2  ♦*  c 

o  o  p  as 

u  *o  *o  c 

■O  V4  OJ  1-  O 
41  41*0  a 

f  Maco 
k  3  *0  OJ  O  P 
4-  *J  3  W  •*-  L 

«  ntr—  VI  w  3 

Oku  <0  VI 

1  I _ w  S  * 


list'd; 


t_i*u  »  « 

k  Oi  S§>  o  w 
P»W  OJ  O  •*•  k 
0 4 VNZ ^ 


^|wse 

c  tih  4  oia 


LSV 


Lv;* 


IWV 


to 


